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Using a Zeeman-modulated cavity spectrometer with a 10 sec time constant and a phase locked klystron, 
we have observed in the products of a discharge-flow system, Zeeman components of the six allowed zero- 
field lines at 65 070f 2, 65 082 * 2, 65 098 f 2, 65 373 * 2, 65 397 f 2, and 65 401 * 2 MHz, and of one 
forbidden zero-field line at 65 369 f 4 MHz. The Q of the Fabry-Perot cavity is about 1 O o 0 0 ,  and the 
magnetic field was swept from 0-30 G. Chemical tests indicate that the observed lines are due to HO,. 
They have been assigned and least-squares fitted using a simple theoretical model to yield a value of 
65 185*2 MHz for the l,,,-O,,,, asymmetric rotor transition frequency of HO,, a value of -208*2 MHz for 
the linear combination (Ebb + eee ) /2  of elements of the electron spin-molecular rotation interaction tensor, 
a value of - 28 f 2 MHz for the nuclear spin-electron spin Fermi contact interaction parameter w, and a 
value of + 4 f 2  MHz for the spin-spin tensor interaction parameter A. These constants are in excellent 
agreement with three less precise constants obtained from an earlier laser magnetic resonance study and 
have been confirmed by recent more accurate measurements of Saito. 

I. INTRODUCTION 

The matrix isolation infrared spectrumlS2 as well as 
the gas  phase ultraviolet absorption near  in- 
f rared absorption5 and emission6 spectrum, and far in- 
f rared laser magnetic resonance s p e c t r ~ m ~ ' ~  of the HOz 
f r ee  radical can now all be found in the literature. In the 
present paper we report the f i rs t  microwave detection 
of H 0 2 ,  with an analysis of the Zeeman splittings of the 
fine and hyperfine structure of the asymmetric rotor 
transition N K , K ,  = lo, - Ooo. 

The values of the rotational constants and spin-rota- 
tion splitting constants obtained ear l ierg aided in limiting 
the microwave search problem and made convenient the 
use of a Zeeman-modulated cavity spectrometer. Simi- 
larly,  the chemical production methods developed7 could 
be employed essentially without change for the small  
volume cavity cell. 

The e r r o r s  in individual measurements in the present 
work sometimes exceed several  gauss,  o r  equivalently, 
several  MHz. They presumably arise (i) from pressure 
broadening in the 0. 1-0.2 t o r r  gas  flow mixtures, (ii) 
from inhomogeneities in the magnetic field of the von 
Helmholtz coils ac ross  the relatively large sample cell, 
and (iii) from cavity pulling effects associated with a 
high-Q cavity containing a dielectric sample cell. Even 
though e r r o r s  of several  MHz a r e  somewhat larger  than 
is customary in microwave studies in the 65 GHz region, 
the present measurements lead to a factor of 1000 im-  
provement in the e r r o r  l imits on the lol-Ooo transition 
frequency predicted ear l ier .  

II. EXPERIMENTAL 

A. Apparatus 

This experiment employed a Zeernan-modulated cavity 
spectrometer.  Figure 1 shows a simplified sketch of 
the equipment. The HOz radicals a r e  produced by a dis- 
charge-flow system in a quartz bottle contained between 
the plane plates of a Fabry-Perot resonator, which is 

located inside von Helmholtz coi-3. Power from a 
klystron is fed through a directional coupler to  the en- 
trance iris of the resonator, where some of the power is 
reflected to  the detector. This enhances the sensitivity 
by heterodyne action. The a r m  of the directional cou- 
pler ,  which in Fig. 1 is shown as being terminated by a 
sliding short circuit, actually goes to an extensive mi- 
crowave circuit, which provides for  the phase locking of 
the V-band klystron to the harmonic of an X-band klys- 
tron, which in turn is phase locked to  a harmonic of a 
quartz crystal  controlled oscillator. The frequency of 
the quartz crystal  oscillator, of the i f  oscil lators,  and 
of the variable frequency interpolation oscillator con- 
tained in the two phase locking loops were measured with 
a counter. From these measurements the frequency of 
the V-band klystron w a s  calculated. By inserting a 90" 
waveguide twist to rotate the microwave polarization, 
both ?I and u Zeeman components were observed. 

In an e r a  in which the confocal Fabry-Perot interfer-  
ometer is widely used, some words justifying the parallel  
plate Fabry-Perot configuration are in order.  It has 
been shown" that the signal to noise ratio of a cavity 
spectrometer with the power adjusted to the verge of sat-  
uration is 

S=(hcy f /8?1p)  ( A u / u )  ( Q V U / ~ F ~ T B ) ' ' ~  , ( 1) 

where y is the absorption coefficient of the sample, f is 
the fraction of volume V occupied by sample, p is the 
dipole matrix element of transition, Au is the linewidth 
parameter,  u is the frequency of the transition, Q is the 
quality factor of the loaded resonator,  V i s  the volume 
of the resonator, F and B are the noise figure and noise 
bandwidth of the detection system with a reference tem- 
perature T, and h ,  c ,  and k have their  usual meanings. 

In the original derivation of Eq. (1) it w a s  assumed 
that the sample filled the entire volume andf was unity. 
However, when f is l e s s  than 1, i t s  effect is to reduce 
the average value of y 10,ty without affecting other steps 
in the derivation. 
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S O U R C E  D E T E C T O R  
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C R Y S T A L  

6 5  G H z  
P H A S E  

L O C K E D  
K L Y S T R O N  

F o r  a parallel plate Fabry-Perot resonator,  whose 
only losses  are due to  the finite conductivity of the plates 
of reflectance, R ,  and whose spacing is L ,  the unloaded 
Q is given by'' 

Equation ( 2 )  contains the approximation that R is nearly 
unity, 
t o r s  as well, provided that diffraction can be neglected. 
A s  a further approximation, we may neglect the differ- 
ence between loaded and unloaded Q and substitute Eq. 
( 2 )  into Eq. ( 1 ) .  Also, we set the volume V =  A L ,  where 
A is the effective area of c r o s s  section. If the quartz 
container for our sample has parallel  plane sides of neg- 
ligible thickness and separation x, f = x/L.  Then 

It should hold approximately for  confocal resona- 

S= (hyxAu/8np) [ T c A / ( l -  R)FkTB]"' . ( 3 )  

We note that this result  is independent of the resonator 
length L .  

The previous discussion has assumed no diffraction 
losses,  and i f  these are considered, it is obvious that the 
optimum spacing L is the minimum that can conveniently 
contain the sample cell  of thickness x. With a large 
c r o s s  section A and small  spacing x ,  the curvature r e -  
quired for  the confocal configuration cannot be obtained 
under practical  conditions. Furthermore,  if the i l a t e s  
a r e  plane they may be used to  produce a moderately uni- 
form Stark field under appropriate conditions. 

The resonator was used in an ea r l i e r  experiment" but 
has  been modified. In the original version, the resona- 
to r  was contained in a vacuum chamber, and the coupling 
to the microwave circuit was with a horn and grid ar- 
rangement using a window in the chamber. In the p re s -  
ent configuration, the vacuum chamber w a s  discarded be- 
cause of the use of the quartz bottle, and the screen con- 

I I  

1 
P U M P  

FIG. 1. Simplified schema- 
t ic diagram of the apparatus. 
The waveguide port of the 
directional coupler, which is 
shown a s  being terminated by 
a sliding short circuit, goes 
in the actual apparatus to an 
extensive microwave circuit 
that provides for the phase 
locking of the klystron. The 
von Helmholtz coils, shown 
with axis along the gas flow 
direction, actually have their  
axis perpendicular to the 
plane of the figure. 

1 

taining the grid of holes is replaced by a solid plate with 
a single iris. A piece of RG-l38/U waveguide is mounted 
coaxially with this iris. 

In the original design, the spacing and the degree of 
parallelism were controlled independently, and with the 
tilt controls on the plates , t he  task of making the plates 
parallel  was very small ,  requiring only a minute o r  two. 
With the rigid attachment of the waveguide to one plate, 
one of the tilt controls had to be discarded, but with the 
aid of a small  amount of shimming and with the use of 
the surviving t i le control, the adjustment for  parallelism 
is still a minor task. 

The plates a r e  made of quarter-inch brass and they 
have diameters  of about 35 and 18 cm, respectively. 
Polishing and gold plating were found to  be crucial  for 
obtaining a high Q. During the experiment, the spacing 
was about 6 cm. The coupling hole s ize  was found by 
t r ia l  and e r ro r .  The present hole is roughly elliptical 
in shape, with the minor axis nearly equal to  the short 
dimension of the RG-l38/U waveguide (0. 1 cm). With 
the presence of several  s e t s  of mounting holes at  the 
periphery of the plate, a variation in coupling coefficient 
can be obtained by rotating the plate about the waveguide 
axis. 

The quartz absorption cell  is 8 cm in diameter and has 
approximately parallel plane sides 4 cm apart  witha wall 
thickness of about 0 . 3  cm. The principal support of the 
quartz assembly is a clamp at  the bottom. However, 
this support is not completely rigid, and the position of 
the upper portion can be controlled by the clamp at  the 
top. This  clamp is supported by a micrometer drive,  
which acts  as a fine control on the position of the quartz 
assembly in the resonator. The rough position of the 
assembly can be varied by adjusting the bottom clamp. 
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The performance of the resonator depends cri t ically 
upon the position of the quartz assembly. If the cell  is 
not in roughly the right position, i t  is difficult to observe 
any resonance, and for optimum performance i t  is neces- 
s a r y  to readjust the micrometer  when the frequency is 
shifted. Culshaw and Anderson13 have shown that the 
performance of a Fabry-Perot resonator with a slab of 
dielectric in i t  depends upon the s lab position unless i t  
happens to be an integral number of half-wavelengths 
thick. Also, it was found necessary to have an air gap 
of about 1 cm between the plate containing the iris and 
the quartz.  With the quartz present and with the system 
in optimum adjustment, the loaded Q is in excess of 
10000, corresponding to a path length in the sample of 
several  meters  according to Ref. 10. Generally, i t  is 
impractical to achieve such path lengths with transient 
molecules in traveling wave cells. On the other hand, 
with the comparatively high gas  pressures  used in this 
experiment, the bandwidth of the cavity is hardly any 
larger  than the linewidth. 

The average dimensions of the von Helmholtz coils 
a r e  1 5 x 2 8  cm, and the average spacing is 25 cm. Each 
has a winding of 500 turns of No. 18 wire which is used 
to supply a dc field, and another winding of 300 turns 
which is connected to a 4 KHz sine wave source for  mod- 
ulation, making phase sensitive detection possible. 
Unfortunately, the coils were not designed to be mounted 
vertically, which would have permitted annulling the 
major component of the earth’s field. But this e r r o r  is 
not serious,  since the earth’s field (- 0.8 G) corresponds 
to l e s s  than a linewidth. The axis of the coils is nearly 
perpendicular to the horizontal component of the earth’s 
field, but a correction to the data is applied to  compensate 
for the portion that is parallel  to the axis. 

not practical  to obtain useful data by sweeping the fre- 
quency. Instead the procedure is to set  the phase locked 
klystron to some selected frequency, resonate the cavity, 
including readjustment of the micrometer controlling the 
position of the quartz cell,  and then sweep the magnetic 
field. The field could be swept from 0-33 G. Normally 
the modulation field is 0. 5 G rms .  With the present 
apparatus i t  is not practical  to observe zero-field unsplit 
lines or field-independent Zeeman components. 

The pr imary measurement associated with the mag- 
netic field sweep was in fact a measurement of the volt- 
age across  the von Helmholtz coils. Normally, the volt- 
age was measured with a digital voltmeter, but this 
reading was checked against the calibration of the xy 
recorder  being used. The resistance of the coils was 
measured with a Wheatstone bridge. Values of the mag- 
netic field were then determined from the calculated cur-  
rent flow and the geometry. Several fields were checked 
using a magnetometer, and the e r r o r  in field measure- 
ment is estimated to be *5%. 

e r r o r .  To evaluate some of the e r r o r s ,  two Zeeman 
components were f i rs t  observed a number of times as 
rapidly as possible without making any readjustments. 
The standard deviation was 0.04 G. Then, fo r  several  
days, the same components were observed once a day, 

Because of the narrow bandwidth of the cavity, i t  is 

Pulling effects of the resonator are a major source of 

and each day the microwave system was drastically de-  
tuned and then readjusted for  optimum. The standard 
deviation was found to be 0.22 G, nearly 6 t imes as 
large.  

A preliminary check of the sensitivity of the system 
was made using transitions of CH3CN in the same f r e -  
quency region. For  this purpose a Stark field was ap- 
plied betweenthe Fabry-Perot  plates. While modulation 
was effective and while resolved Stark components could 
be observed, quantitatively the resul ts  were not repro- 
ducible, probably because of e r r a t i c  charge distributions 
on the quartz absorption cell. 

exhibit only quadratic Stark effects. A couple of sample 
lines were subjected to a dc Stark field of 650 V/cm, 
and no effects were observed, indicating that, in ac- 
cordance with expectations, they a r e  not subject to the 
f i rs t  order  Stark effect. 

A l l  of the l ines reported in the present work should 

B. H02 source chemistry 

tion cell  using chemical methods s imilar  to those de- 
scribed ear l ier .  
tions for  maximum HO, concentrations and minimum 
pressure broadening in the microwave experiment were 
found using a laser magnetic resonance apparatus. 

Three  different chemical schemes were used to dem- 

HO, radicals were generated inside the quartz absorp- 

The optimum flow and pressure  condi- 

onstrate that HO, was detected. 

(i) The most prolific source of HO, was the reaction 
of atomic fluorine with hydrogen peroxide. The atomic 
fluorine was generated in an alumina lined Pyrex dis- 
charge tube using an electrodeless 2450 MHz cavity. A 
mixture of about 2 . 7  Pa ( 1  mm Hg = 133.3 Pa) of air 
with about 11 Pa of CF4 was discharged and pumped 
through a 36 cm length of 6.35 mm 0. d. Teflon tubing 
to the entrance of the quartz absorption cell. At this 
point, the discharged gas  was mixed with about 5.4 Pa 
of H,O, vapor, allowing HO, to be formed in the absorp- 
tion cell  by the reaction 

F + HZO, - HOz + H F  . (4) 

This source produced excellent signals, with a typical 
signal to noise ratio of about $0 to 1 for  a strong line as 
shown in Fig. 2. 

(ii) A second source, the chain reaction of active oxy- 
gen with ethylene, was about 10 t imes weaker. Atomic 
oxygen was formed by discharging about 2.7 Pa of 0,. 
The atomic oxygen was then mixed with about 13 Pa of 
0, and 5.4 Pa of C,H, in the absorption cell, forming 
HO, by the reactions 

0 + C,H,- HCO + CH, and HCO +O, - HO, +CO. (5) 

(iii) A third source, also about 10 t imes weaker than 
(i), was allyl alcohol. Although the mechanism of HO, 
formation in this case  is not known, replacing the CzH4 
in (ii) with allyl alcohol was a strong source of HO, in 
the laser magnetic resonance spectrometer.  Unfortu- 
nately, this source was relatively much weaker in the 
microwave experiment, possibly due to differences in 
pumping speed o r  radical destruction rates  on the ab- 

I 
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FIG. 2. A representative recording of two Zeeman components. 

sorption cell walls of the two systems. 

In addition to using three different known sources,  we 
made several  tes ts  on each source to demonstrate that 
the mechanisms outlined above were  responsible for  the 
production of HOz rather  than some other paramagnetic 
molecule. Firs t ,  i t  was shown that the discharge that 
forms  atomic fluorine, source (i), o r  atomic oxygen, 
sources (ii) and (iii), had to be turned on for a signal to 
be observed. Further, the air used in source (i) could 
be eliminated without eliminating the signal, although, 
some HzOz vapor was required. Both sources  (ii) and 
(iii) required hydrocarbon vapor to produce signals. 
These tes ts  eliminate carbon, nitrogen, oxygen, and 
silicon (from glassware) fluorides, ground state and 
metastable molecular oxygen, and carbon-oxygen com- 
pounds as potential sources  of the detected signal. 
Three molecules, 0,, l4 SiF,, and CF, can also be 
neglected, since their  microwave spectra  are known not 
to have lines at the frequencies reported here. These 
considerations, combined with the results of the analysis 

-1 N = O  J = 1 / 2  F = 1  
-loo ASYMMETRIC SPIN-ROTATION SPIN SPIN 

ROTOR SPLITTING SPLITTING 

FIG. 3.  
tional energy level separation vmOl, the spin-rotation fine- 
structure splitting ($(eba +ec>, and the spin-spin hyperfine 
splittings. 

Illustration for the molecule H@ of the l ~ ~ - O o o  rota- 

"O2 1 -0  01 00 
t i  

t 6 5  050 

4 ,  I 
I t  

+20 +lo 0 + l o  f20 
( G I  - - H -  ( G I  

FIG. 4. H 4  transition frequencies near 65 100 MHz a s  a func- 
tion of the external magnetic field H. The squares represent 
observed points, the smooth curves represent calculated values 
obtained from a least-squares fit of these points using Eqs. 
(6). These transitions correspond, from higher energy to 
lower, t o ( N ' = l ,  J ' = % ,  F = 1 , 2 , l ) - W ' = O ,  J " = g  F ' = 1 , 1 , 0 ) ,  
respectively. The notation P ( M F ) ,  Q ( M F ) ,  R(Mp) indicates 
transitions with AMp=-l ,  0, +1, originating from a lower state 
level with the M F  value given in parentheses. Note that the 
parallel spectrum is plotted to the left of center, the perpen- 
dicular spectrum to the right, 
from the least squares f i t  a r e  given in Table I. 

Molecular parameters obtained 

that follows, firmly demonstrate that HOz is the detected 
species.  

1 1 1 .  RESULTS 

The quantum numbers of interest  in this work are the 
rotational angular momentum N ;  the electron spin an- 

" O Z  '01 -000 

FIG. 5 .  HOz transition frequencies near 65 400 MHz, displayed 
as in Fig. 4, and corresponding, from higher energy to lower, 
t o ( N ' = l ,  J ' = &  F '= l ,O , l ,O) - (h" '=O,  J " = B ,  F " = l , 1 , 0 , 0 ) ,  
respectively. 
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TABLE I. Molecular parameters vo, u', u" 
and standard deviation of the fit ufit in MHz, 
as obtained directly from least-squares fits 
of the observed data in Figs. 4 and 5 to Eqs. 
(6). E r ro r s  represent one standard deviation. 

(J' =$) - (J" = i) (J' = &) + (J" = 2 
~~ 

YO 65 080.83 f 0.17 65393.1610. 13 
U' - 24.80 i 0.64 - 12. o* 1.2 
U I* - 2 8 , 1 2 * 0 , 5 0  -27.8610.40 
"fit 7.. 42 1.47 

gular momentum S ;  the sum of these two, J ;  the proton 
spin angular momentum I ;  and the total angular mo- 
mentum, F .  These quantum numbers are illustrated in 
Fig. 3.  It can be shown that energy levels of HO, in 
the presence of a small  external magnetic field (5 20 G), 
which arise from a given spin-rotational level with 
fixed N and J ,  a r e  well approximated by the expressions 

E = Vo +X(g/J,BHMF - t u )  + iX(RIJ.BH - u M F ) ,  ( 6 4  

E = vo + X ( g l B H M F  - t u )  

E = vo + X ( g l B H M ,  - b) - $X(gFBH - OM,), (6c) 

for  M F = - ( J + $ ) ,  l M F l s ( J - $ ) ,  and M , = + ( J + $ ) ,  re- 
spectively. Here, vo indicates the rotational and spin- 
rotational energy of the given N ,  J level; X represents 
[J(J+l)-N(N+l)+S(S+1)]/2J(J+l);  g i s  the f r ee  elec- 
t ron gyromagnetic ratio; I J . ~  is the Bohr magneton in 
MHz/G H is the external magnetic field gauss; MF is 
the projection of the total angular momentum along the 
external field direction; and u is an effective electron 
spin-proton spin interaction parameter  in MHz. 

Observed transition frequencies a s  a function of mag- 
netic field a r e  displayed as solid squares  in Figs. 4 and 
5, respectively, for the (N=1,  J=$)- (N=O,  J =  4) and 
( N =  1, J = $ ) - ( N =  0, J = $ )  transitions. Solid rectangles 
indicate the scat ter  obtained in several  measurements 
of essentially the same point. Back calculated theoret- 
ical  curves obtained by a separate least-squares fi t  of 
the data in each figure to energy differences obtained 
from Eqs. (6) are indicated by solid curves.  Param-  
e t e r s  obtained from the fi ts  a r e  given in Table I. Note 
that for  clarity, parallel  polarization observations a r e  
plotted to the left of center in Figs. 4 and 5 and perpen- 
dicular polarization observations to the right. 

From the least-squares parameters  in Table I i t  is 
possible to calculate the four molecular parameters  
given in Table E. It can be seen that our numbers agree 

TABLE 11. Values in MHz of the molecular parameters for 
HO, illustrated in the energy level diagram of Fig. 3. 

Parameter Hougen et a1.' Saito" T h i s  work 

( B  + C )  65 1901 1500 65 185.40i  0.11 65185; 2 

&cbh +em) -216+ 18 - 2 0 7 . 1 5 1  0.12 - 2 0 8 i  2 

0 -27 .614  0 . 1 4 M ~ )  -281  2 

h +4.1+0.2(-;Tm) + 3 . 6 = 2  

TABLE 111. Zero-field transition frequen- 
cies as determined by the present work, in 
MHz. 

N'J'F -N"J"F v~ f ie ld 

l t l-otl  654011 2 

1 io-0 ;1 6539712 

1 f 1-0 t 0 65 373 1 2 

l d o - o b o  
1 4 1 - 0 4 1  65 098-t 2 

65 369 i 4 (forbidden) 

l p z - o f l  65 0821 2 

131-oto  65070i2  

well with the more recent precise numbers obtained by 
Saito'' in a conventional microwave study. The constants 
B + C  and +(ebb +e,,) also agree well (within 10 MHz) 
with the values obtained in an ea r l i e r  l a s e r  magnetic 
resonance study. 

Table E1 gives the frequencies of the zero-field transi-  
tions according to the energy levels shown in Fig. 3. 
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